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Abstract
Restenosis limits the effectiveness of stents, but the mechanisms responsible for this phenomenon remain
incompletely described. Stent geometry and expansion during deployment produce alterations in vascular
anatomy that may adversely affect wall shear stress (WSS) and correlate with neointimal hyperplasia. These
considerations have been neglected in previous computational fluid dynamics models of stent hemodynamics.
Thus we tested the hypothesis that deployment diameter and stent strut properties (e.g., number, width, and
thickness) influence indexes of WSS predicted with three-dimensional computational fluid dynamics. Simulations
were based on canine coronary artery diameter measurements. Stent-to-artery ratios of 1.1 or 1.2:1 were
modeled, and computational vessels containing four or eight struts of two widths (0.197 or 0.329 mm) and two
thicknesses (0.096 or 0.056 mm) subjected to an inlet velocity of 0.105 m/s were examined. WSS and spatial
WSS gradients were calculated and expressed as a percentage of the stent and vessel area. Reducing strut
thickness caused regions subjected to low WSS (<5 dyn/cm2) to decrease by ∼87%. Increasing the number of
struts produced a 2.75-fold increase in exposure to low WSS. Reducing strut width also caused a modest
increase in the area of the vessel experiencing low WSS. Use of a 1.2:1 deployment ratio increased exposure to
low WSS by 12-fold compared with stents implanted in a 1.1:1 stent-to-vessel ratio. Thinner struts caused a
modest reduction in the area of the vessel subjected to elevated WSS gradients, but values were similar for the
other simulations. The results suggest that stent designs that reduce strut number and thickness are less likely
to subject the vessel to distributions of WSS associated with neointimal hyperplasia.
Approximately 20% of the nearly 1,000,000 stents deployed annually develop restenosis due to neointimal
hyperplasia (8, 13, 15, 42, 48). Rates of restenosis vary with stent design and geometry (32, 39). These factors
have also been identified as important predictors of neointimal hyperplasia (17, 50). Vascular geometry
influences distributions of wall shear stress (WSS), as evidenced by branching and curvature that produce
regions of low WSS. These alterations adversely affect the preferential flow environment of intravascular cells
and correlate with sites of neointimal hyperplasia (21, 31, 33). Notably, all stents must be deployed to a
diameter greater than that of the native vessel to securely anchor the device against the vessel wall.

Computational fluid-dynamics (CFD) studies of stented vascular segments performed to date (4, 10, 23) have not
addressed this technical issue. However, it is highly likely that the requirement for stent expansion beyond the
luminal diameter may cause severe reductions in WSS within the stented region of the vessel. Several models in
vivo have adopted a stent-to-artery diameter ratio range of 1.1–1.2:1 to limit vascular damage during
deployment (11, 47), but the theoretical influence of geometric stent properties and the impact of stentexpansion diameter on distributions of WSS have not yet been comprehensively investigated. We tested the
hypothesis that differences in the geometric design of an implanted stent (e.g., number, width, and thickness of
struts) influence acute distributions of WSS predicted with three-dimensional (3D) CFD modeling and compared
these results with those produced by a different stent-to-artery deployment ratio.

METHODS
Construction of stented vessels.

CFD models were created from measurements of canine left anterior descending coronary artery blood flow and
diameter as described previously (24). Stented vessels were generated with an automated geometricconstruction and mesh-generation algorithm custom designed by Matlab (Mathworks, Natick, MA). On
execution of the automated algorithm, a graphical user interface was launched, which allowed manual entry of
several parameters including the number, width, and thickness of stent struts to be used in creation of the
computational mesh. All computational vessels were composed of structured hexahedral control volumes and
exploited symmetric stent and vessel properties to model one-forth of the computational vessel. Computational
vessels were created that consisted of four or eight struts using two strut widths (0.197 or 0.329 mm) and two
different degrees of protrusion into the flow domain (0.096 or 0.056 mm) (Table 1, Fig. 1). The stent length was
16 mm for all simulations, and the diameter of the native vessel was 2.74 mm. Computational geometries used
to examine the impact of expanded stent diameter were created by stent-to-vessel ratios of 1.1 and 1.2:1
(11, 47).

Fig. 1.Computational geometries generated with an automated geometric-construction and mesh-generation
algorithm custom designed in Matlab.

Table 1. Stent and vessel properties and quantification of WSS
Index
Number of struts
4
Strut width, mm
0.329
Strut thickness, mm
0.096
Stent-to-artery ratio
1.1:1
2
Biologically active area, mm
47
2
Stent area, mm
11
Stent/total area, %
23
WSS of <5 dyn/cm2, mm2
1.11
2
WSS of <5 dyn/cm /stent area, %
10
2
WSS of <5 dyn/cm /total area, %
2.4
3
2
WSSG of >20 dyn/cm , mm
18
WSSG of >20 dyn/cm3/stent area, % 155
WSSG of >20 dyn/cm3/total area, % 38
WSS, wall shear stress; WSSG, WSS gradients.

4
0.329
0.056
1.1:1
47
11
23
0.14
1
0.3
15
131
32

4
0.197
0.096
1.1:1
51
7
14
1.35
19
2.7
19
260
37

8
0.197
0.096
1.1:1
44
15
35
3.72
25
8.5
16
106
37

4
0.329
0.096
1.2:1
53
11
21
13.2
116
25
21
182
39

Computational model simulations.

Simulations were performed with the commercially available software package CFD-ACE (CFDRC, Huntsville, AL).
This software uses a finite-volume approach to solve the Navier-Stokes equations at the center of each
hexahedral control volume. A steady-state velocity value corresponding to average blood flow velocity during
one cardiac cycle in the canine left anterior descending coronary artery under normal resting conditions (0.105
m/s) (24) and on the order of that measured after acute stent implantation in humans (44) was imposed as plug
flow at the vessel inlet. Additional length (L) was added to all arteries to allow for fully developed flow using the
equation L = 0.06·Re·d, where L is the length, Re is the Reynolds number, and d is the vessel inlet diameter (9).
The Reynolds number is a dimensionless parameter that classifies the transition from laminar to turbulent flow
in tubes based on the relation Re = ρv̄d/μ, where ρ, μ, and v̄ are the density, viscosity, and mean velocity of the
fluid, respectively, and all influence the length that must be added to the computational vessel inlet to ensure
that flow no longer varies in the axial direction before entering the stent. Computational simulations were
conducted assuming incompressible flow of a Newtonian fluid with a density of 1,060 kg/m3 and viscosity of 3.7
cP (23).

Calculation of indexes of WSS.
WSS was determined as the product of viscosity and shear rate as previously described (23). Shear rate (γ) was
calculated using the second invariant of the strain rate tensor. Therefore

𝛾𝛾̇ = {2[(𝜕𝜕𝑢𝑢⁄𝜕𝜕𝑥𝑥)2 + 𝜕𝜕(𝜕𝜕𝑣𝑣⁄𝜕𝜕𝑦𝑦)2 + (𝜕𝜕𝑤𝑤⁄𝜕𝜕𝑧𝑧)2 ] + (𝜕𝜕𝑢𝑢⁄𝜕𝜕𝑦𝑦 + 𝜕𝜕𝑣𝑣⁄𝜕𝜕𝑥𝑥)2 (𝜕𝜕𝑢𝑢⁄𝜕𝜕𝑧𝑧 + 𝜕𝜕𝑤𝑤⁄𝜕𝜕𝑥𝑥)2
+ (𝜕𝜕𝑣𝑣⁄𝜕𝜕𝑧𝑧 + 𝜕𝜕𝑤𝑤⁄𝜕𝜕𝑦𝑦)2 }1⁄2

where u, v, and w are the x, y, and z components of velocity vector u, respectively. This definition accounts for
pure shear as well as extensional or elongational deformation in the flow domain.
Spatial WSS gradients (WSSG) were calculated during postprocessing as discussed previously (18). WSSG were
used to quantify the influence of nonuniform hemodynamic forces on adjacent intravascular cells and may
correlate with the location of neointimal hyperplasia in vivo (5, 45, 46). Spatial changes in WSS that act
predominantly in axial and circumferential directions have the most potential to disrupt intracellular junctions as

discussed previously (26). Therefore, WSSG were calculated as [(∂τw,z/∂z) + (∂τw,θ/∂θ)]1\2,
where τw,z and τw,θ represent WSS in the axial and circumferential directions, respectively.

Quantification of simulation results.

The threshold for comparing distributions of low WSS between simulations was established at 5
dyn/cm2 because vascular regions subjected to WSS slightly below this value have been shown to strongly
correlate with sites of intimal thickening (20, 21). Regions of low WSS were then expressed as percentages of the
stent and vessel area within the stented region. The percent distribution of moderate and high WSS for each
simulation was also quantified. High WSS was defined as those values between 8 and 12 dyn/cm2 that are
unlikely to contribute to neointimal hyperplasia (20, 31). Moderate values of WSS were defined as those
occurring between 5 and 8 dyn/cm2, because these values may theoretically decrease in regions adjacent to
stent struts if geometric stent or vessel properties were altered.
WSSG have also been used previously to examine the hypothesis that normally confluent cells react to
nonuniform distributions of WSS in a way that promotes neointimal hyperplasia (7, 37, 45). The percentage of
the vessel wall subjected to WSSG values above 20 dyn/cm3 was quantified and compared between simulations
in the present investigation. WSSG of this order of magnitude generated from two separate studies were found
to correlate with areas of neointimal hyperplasia in the toe region of an end-to-side arterial anastomosis
(22, 25, 37). WSSG-observed overlying stent struts were excluded from the analysis because these areas would
not acutely contain biologically active tissue in vivo.

RESULTS
Distributions of WSS observed during CFD simulations are illustrated in Fig. 2. The highest values of WSS were
localized over the surface of stent struts and the distal stent-vessel transition for all simulations. In contrast,
stagnation zones surrounded the stent struts independent of the strut width, thickness, number, or stent-toartery diameter ratio. A reduction in stent strut thickness produced a decrease in the percentage of the vessel
exposed to low WSS (2.4% for 0.096 mm vs. 0.3% for 0.056 mm; Table 1). The area of the computational vessel
subjected to WSS of <5 dyn/cm2 increased when the number of struts doubled from 4 to 8 (1.35 vs. 3.72 mm2).
Reducing the width of stent struts from 0.329 to 0.197 mm also exposed the vessel to a greater area of WSS of
<5 dyn/cm2 (1.11 vs. 1.35 mm2). Expansion of the stent to a 1.2:1 ratio markedly increased the area of WSS of <5
dyn/cm2 compared with the 1.1:1 stent-to-vessel ratio (13.2 vs. 1.11 mm2).

Fig. 2.Theoretical influence of various stent design parameters, including number, width, and thickness of struts
and stent-to-artery diameter ratio on the distribution of wall shear stress (WSS) in computational fluid dynamics
vessels.

The distribution of each vessel exposed to low, moderate, and high WSS expressed as a percentage of the
biologically active vessel area within the stented region is depicted in Fig. 3. The majority of the vessel wall was
subjected to WSS values between 5 and 8 dyn/cm2 when the stent thickness was 0.096 mm. Altering the stent
width and deployment ratio did not substantially affect the percent distribution of WSS in this range. Reducing
strut thickness from 0.096 to 0.056 mm increased the percentage of the vessel wall exposed to WSS >8dyn/cm2.
Conversely, increasing the number of struts from 4 to 8 decreased the axial and circumferential strut spacing
and reduced the percentage of the vessel exposed to WSS of >8 dyn/cm2.

Fig. 3.Distribution of the vessel wall exposed to low (<5 dyn/cm2; A), moderate (between 5 and 8 dyn/cm2; B),
and high (between 8 and 12 dyn/cm2; C) WSS expressed as a percentage of the biologically active vessel area
within the stented portion of the vessel.
WSSGs for each simulation are illustrated in Fig. 4. Regions of elevated WSSG were noted at the inlet and outlet
of the stented region. Concentric proximal and distal regions of elevated WSSG (>150 dyn/cm3) that occurred as
a result of stent expansion were observed in each simulation. WSSG were also elevated bordering the stentvessel transitions at the stent inlet and outlet. The amount of the vessel wall exposed to WSSG of >20
dyn/cm3 was modestly reduced when strut thickness was decreased (38 vs. 32% for 0.096 and 0.056 mm,
respectively). The amount of the vessel exposed to elevated WSSG was otherwise similar for all other stent
geometries investigated (Table 1).

Fig. 4.Spatial WSS gradients (WSSG) imparted on the surface of the computational vessel. The distribution of
WSSG and the associated quantification (Table 1) do not consider spatial WSSG over or along the length of the
stent struts because these regions do not contain biologically active tissue.

DISCUSSION
Restenosis after stent implantation remains an important clinical problem. Evidence collected to date suggests
that restenosis rate varies with stent type, local vessel geometry spatially correlates with regions of neointimal
hyperplasia, and vascular response to injury is modulated by shear stress (17, 21, 27, 30, 50). These data imply
that the geometry of the implanted stent may cause altered distributions of WSS that potentially contribute to
the subsequent development of neointimal hyperplasia. To our knowledge, the present investigation is the first
to use 3D CFD modeling to examine whether differences in stent geometry or the stent-to-artery deployment
ratio affect WSS distributions within the stented region. The results indicate that overexpansion of the stent
markedly increases the area of the vessel subjected to low WSS. Interestingly, increased deployment pressure is
associated with vascular damage, an index that influences the amount of neointimal hyperplasia (6, 12, 14). The
present results also indicate that the number, width, and thickness of stent struts impart distinctive patterns of
shear stress along the vessel wall with a realistic deployment ratio of 1.1:1. These results are consistent with
previous flow visualization and in vivo studies (4, 36) and further suggest that, although the geometric disparity
between various stent designs varies by <90 μm (from 0.056 to 0.14 mm) (17, 32), these characteristics may
theoretically contribute to observed differences in restenosis rates between designs.
The present findings indicate that a smaller percentage of the vascular wall is exposed to low WSS that is
associated with vascular remodeling when the number and thickness of stent struts is reduced. These results
suggest that a stent with thin radial properties and fewer stent intersections may be hemodynamically
advantageous. A previous study demonstrated that endothelialization after implantation of a simplified stent on
a flat plate was dependent on stent thickness in vitro (43). The present results suggest that reductions in WSS
over the stent struts due to decreased strut thickness may mediate this endothelialization process. In contrast, a
reduction in stent strut width resulted in a larger percentage of the vascular wall being subjected to WSS values
of <5 dyn/cm2 in the present investigation. These findings imply that a reduction in stent width exposes more of
the luminal surface to distributions of low WSS caused by the presence of the stent struts. Wider struts also
increase the spatial potential for flow above the strut to become established by enabling streamlines to align in
this location. The present results confirm and extend our previous findings that characterized near wall velocity
vectors in a similar stented 3D CFD vessel model (23). The present observation suggesting an advantageous
reduction in low WSS with wider struts is also supported by results from two-dimensional CFD models using
single and multiple struts of similar width and thickness subjected to flow of an equivalent Reynolds number
(unpublished observations). These results imply that increasing the width of stent struts may improve fluid

dynamics, but actual deployment of stents with wider strut designs may contribute to greater local vascular
damage.
Regions of low WSS were most pronounced in the proximal portion of the stent and were less dramatic and
similar within each axial stent diamond for the remainder of the stent length. These results are consistent with a
previous in vitro study (1) and suggest that the inlet of the stent may be more susceptible to neointimal
hyperplasia. Regions of lower shear stress were recently shown to be associated with an enhanced rate of
smooth muscle cell (SMC) migration after vascular injury (27). Nonuniform WSS also influenced cell density
distributions, alignment, and migration direction in this model (28). In view of these previous findings, the
present results indicate that vascular damage produced by stent expansion or use of a stent with wider struts
may predispose this vascular segment to the development of neointimal hyperplasia by adversely affecting
distributions of WSS. The present findings confirm and extend previous results examining neointimal hyperplasia
in rabbit iliac arteries (39), indicating that reducing the number of stent struts may favorably improve WSS
distributions.
Minimal differences in the vessel area exposed to spatial WSSG of >20 dyn/cm3 within the stent were observed
in the present investigation. However, the values of WSSG observed along the luminal surface immediately
adjacent to stent struts were greater than those observed in normal vascular anatomic and flow conditions (22).
Elevated spatial WSSG have been associated with cellular proliferation (46), and values of WSSG within
simulated stents may exceed the threshold required to trigger molecular events associated with neointimal
hyperplasia. Each simulation demonstrated that elevated WSSG were greatest at the stent inlet and outlet.
WSSG gradients imparted on the stent itself were ignored in the present investigation, but Fig. 4 clearly
demonstrates how regions adjacent to stent struts are subjected to elevated WSSG and theoretically susceptible
to neointimal growth. Simulation of a stented vessel with cell growth adhering to the stent struts results in
theoretical values of WSSG in excess of 300 dyn/cm3, as depicted in Fig. 5. Although some of these WSSG may be
attributed to numerical artifacts generated by the flow solver, this additional simulation suggests that chronic
cell proliferation may worsen WSSG around stent struts. Whether such a phenomenon contributes to further
exacerbation of temporal fluid dynamics in vivo remains to be determined.

Fig. 5.Theoretical spatial WSSG imparted on the surface of a computational vessel after circulating cells have
accumulated and covered the surface of the stent.
The computational stents generated here most closely resemble the Palmaz-Schatz slotted-tube design. Thus
the present results may be clinically relevant because the Palmaz-Schatz stent is the most popular choice for
congenital heart disease interventions that require stenting (19). Geometric differences between other
commercially available stents and those modeled in the present investigation involve differences in the radial
and axial stent properties that may substantially influence distributions of WSS. Stent design has become
extremely elaborate, and results from the present simulation with a basic geometry may be applied to more
intricate designs to gain insight about which geometric properties are most important in influencing flow
dynamics.

A previous study demonstrated that stent-to-artery deployment ratios equivalent to those studied in the
present investigation may cause endothelial denudation in rabbit iliac arteries. Endothelial cells were absent
from the vessel wall as a result of balloon injury during deployment in this previous study when the intra-strut
spacing was approximately equal to that of the four-strut simulations presented in the present investigation.
Conversely, a reduction in strut spacing (as modeled by the 8-strut simulation in our study) significantly limited
the number of denuded endothelial cells in vivo (40). Removal of the endothelial layer allows direct transmission
of WSS to SMCs. It is not presently known whether spatial WSSG influences SMC gene expression or
proliferation in intact actual vessels. Some investigators have used spatial WSSG to quantify flow imparted on
SMC distal to the internal elastic lamina (45) and platelet deposition in an abdominal aortic aneurysm (7) using
CFD models. Nevertheless, the ability of SMC to act in a spatially coordinated fashion and differentially alter
their mitotic expression in response to nonuniform distributions of WSS suggests that this assumption may be
valid (2, 28, 29, 38).
The results should be interpreted within the constraints of several potential limitations. Each simulation was
obtained with a stationary velocity boundary condition input into a rigid vessel. Thus our results may differ
substantially from those obtained transiently or at the stent inlet and outlet in vivo because the blood vessel is
distensible in these regions and a compliance-matching stent has been shown to limit flow disturbances distal to
the stent outlet (3). Nevertheless, advanced atherogenesis and implantation of a slotted-tube stent both cause
vascular rigidity (i.e., decreased compliance) (24, 49). A minimum of 68 time points would have been necessary
to reconstruct the pulsatile waveform from which the velocity value in the present investigation was obtained.
Each steady-state simulation was performed on a Silicon Graphics O2 5k Unix workstation with a MIPS R500
processor and 1 Gig of RAM that allowed for simulation convergence after 72 h. Fifteen simulations were
necessary to investigate spatial mesh dependence. The results were considered spatially independent of the
computational mesh when converging simulations with successively finer computational meshes varied by <6%
(35). Transient simulations would have required additional validation of temporal simulation results once the
spatial mesh was determined. Hence, pulsatile simulations were beyond the computational resources available
for the present investigation. The present simulation results were obtained assuming normal vascular anatomy
with circular cross-sectional diameter, but the geometry of atherosclerotic lesions after stent implantation may
or may not be circular depending on lesion composition (34, 41). Temporal endothelialization of the stented
segment may eventually alter the local vascular geometry and distributions of WSS within the stented portion of
the vessel but was not considered in the present investigation because previous in vitro and in vivo studies have
shown that altered gene expression can occur within 1 day of shear-stress alterations and cellular damage
(16, 27). These previous observations suggest that acute alterations in WSS after stent implantation may be of
critical importance in determining the initiation of molecular mediators of neointimal hyperplasia.
In summary, the results obtained with 3D CFD modeling predict that varying the geometric properties and
deployment ratio of a simulated stent alters the vascular distributions of WSS. These theoretical results suggest
that stent geometries that minimize the number of stent intersections and reduce strut number and thickness
are less likely to subject the vessel to distributions of WSS that have been implicated in the subsequent
development of neointimal hyperplasia and restenosis.
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